A common method to determine in situ root respiration is to insert root exclusions to sever roots and then to measure soil carbon dioxide (CO 2 ) efflux in and outside the exclusion. We report the use of relatively small root exclusions (15.2 cm diameter plastic pipe) (SREs), installed and measured within a growing season. We switched from longused, large root exclusions (2.5 m × 3 m) (LREs) for three reasons. First, temperature artifacts were apparent in LREs, likely because increased soil moisture altered soil thermal balance. Second, LREs in dense stands required a relatively low tree density, which then impacted snowpack depth and insolation. Third, the LREs were much more time-consuming to install than SREs. Using a powered mechanical trencher (ditch witch ® ) decreased LRE installation time, but introduced a large edge-effect apparent in soil profile pCO 2 that would obviate trenched plots smaller than 1600 cm 2 . However, when trenches were dug by hand, the distance from the LRE wall had no effect on soil pCO 2 . In a subsequent experiment, SREs were installed by cleanly cutting the forest floor, and then immediately measured. Within 1-3 weeks the SREs provided similar root respiration estimates to those made with LREs that had been in place for nearly 10 months. SREs placed in and outside LREs provided indistinguishable microbial respiration values from one another and to the LREs. We conclude SREs provide root respiration estimates indistinguishable from other methods, even when installed and measured within the same growing season. Nous avons abandonné les grandes zones d'exclusion racinaire (2,5 m × 3 m) utilisées depuis longtemps pour trois raisons. Premièrement, des artéfacts reliés à la température, probablement causés par une augmentation de la teneur en eau du sol qui en modifie l'équilibre thermique, ont été observés dans les grandes zones d'exclusion. Deuxièmement, dans les peuplements denses, les grandes zones d'exclusion doivent être installées aux endroits où la densité des arbres est relativement faible, ce qui affecte la profondeur du couvert nival et le rayonnement solaire incident. Troisièmement, les grandes zones d'exclusion sont beaucoup plus longues à installer que les petites zones d'exclusion. L'utilisation d'une trancheuse mécanisée (ditch witch ® ) diminue le temps nécessaire à l'installation des grandes zones d'exclusion mais cause un effet de bordure important qui se manifeste dans le pCO 2 du profil de sol et empêche d'installer des zones d'exclusion d'une superficie inférieure à 1600 cm 2 . Cependant, quand les tranchées sont creusées à la main, il n'y a plus d'effet de bordure apparent sur le pCO 2 du sol. Dans une expérience subséquente, de petites zones d'exclusion ont été installées en faisant une coupe nette dans la couverture morte et elles ont été mesurées immédiatement après. Après une à trois semaines, les estimations de la respiration racinaire obtenues dans les petites zones d'exclusion étaient semblables à celles provenant de grandes zones d'exclusion installées depuis près de dix mois. Les valeurs de respiration microbienne mesurées dans les petites zones d'exclusion situées à l'intérieur et à l'extérieur de grandes zones d'exclusion ne pouvaient être différenciées les unes des autres, ni de celles mesurées dans les grandes zones d'exclusion. Nous concluons que les petites zones d'exclusion permettent d'obtenir des estimations de la respiration racinaire qui ne peuvent être distinguées de celles provenant d'autres méthodes, même si elles sont installées et mesurées pendant la même saison de croissance.
Introduction
Separating root and heterotrophic respiration in field measurements of soil carbon dioxide efflux (soil respiration) is critical to studies on plant C allocation (Haynes and Gower 1995) , net ecosystem carbon exchange (O'Connell et al. 2003; Melillo et al. 2002) , and plant and microbial response and adaptation to environment (Vogel et al. 2005) . A common approach is to exclude new photosynthate from roots by installing an impenetrable barrier into the soil and then measuring respiration in and outside the root exclusion area. The method is often named for the trenches dug for placement of the barrier (trenched plot method) or as the root exclusion method (Hanson et al. 2000) . Root exclusions provide estimates of root and mycorhizzal respiration in reference to microbial respiration inside the exclusion area. Microbial respiration from inside exclusions may overestimate the actual microbial respiration of the forest because of decomposing excised roots, or alternatively, underestimate microbial respiration, because the method neglects annual fine root turnover outside the root exclusions. Despite these inherent difficulties, the method has been used extensively in C cycling studies (see Hanson et al. 2000) .
In a study of the root and microbial respiration of Alaska black spruce forests (Picea mariana (Mill) BSP), we determined that unique characteristics of this forest type required some consideration when using the root exclusion method (Vogel et al. 2005) . First, an impenetrable frost or permafrost is common under spruce, which can then perch spring runoff inside root exclusions. Beside a direct moisture effect on microbial processes, the moisture can alter soil temperature profiles (Vogel et al. 2005) . Second, if root exclusion areas are large and placed where anomalously few trees are found, or else where trees are removed, microenvironment artifacts may result because of increased sunlight. Finally, the organic matter mat provides substantial insulating cover; partly through its low density. In long-used exclusions, the organic matter density increases as decomposition proceeds, which then creates temperature and moisture artifacts. We determined that if exclusions were to be widely used in black spruce forests, our method, which resembled past studies in black spruce (O'Connel et al. 2002; Bond-Lamberty et al. 2004 ) and temperate forests (Melillo et al. 2002) , needed to be modified. In this study, we report (i) the environmental artifacts associated with large root exclusions in a boreal ecosystem, (ii) the design of small root exclusions, and (iii) the potential of within season installation and measurement of root exclusions as a means to overcome some environmental artifacts.
Methods

Study sites and large root exclusions
For the large root exclusions (LRE), three study sites near Fairbanks, Alaska, were selected that are dominated by mature black spruce and two ground dwelling bryophytes, Hylocomium splendens (Hedw.) B.S.G. and Pleurozium schreberi (Brid.) Mitt. The bryophytes form a continuous carpet on the forest floor. The sites varied in elevation and depth to permafrost. Sites included a high-elevation area with no permafrost (high-np), a mid-elevation deep (~1 m) permafrost area (mid-dp), and a low-elevation shallow (~0.5 m) permafrost (low-sp) area (Vogel et al. 2005) . The sites were selected for consistency in basal area (20-34 m 2 ·ha -1 ) and maturity (75-120 years).
The LREs were installed from July 20th to August 15th, 1999. Three LREs (2.5 m × 3 m) were installed at each site (nine in total). Two LREs were dug with a custom-made mechanical trencher that broke down after the second root exclusion was installed. The remaining seven trenches were dug by hand. Trench barriers were plastic and extended to depths between 0.5 and 1.0 m, with the depth varying as a function of permafrost or Cambrian schist depth. Each LRE was positioned between large trees, but on three occasions, smaller trees (<4.0 cm) were cut at the soil surface inside the LRE. All vascular understory vegetation was clipped at the soil surface at the beginning of the experiment and thereafter when necessary.
Study sites and small root exclusions
In 2002, we wished to expand soil respiration measurements into five more spruce forests that resembled the original three forests. However, hand-digging the LREs would have been too time-consuming (each trench required 15-25 h for installation). Instead, we decided to test small root exclusions (SREs) that were effectively the same diameter (15.2 cm) as the soil respiration collars. The study design was similar to that of Vogel et al. (2005) , where stand basal area and age are similar among the five sites (range 25-34 m 2 ·ha -1 and 72-120 years), but slope (3%-15%), aspect, and elevation (124-520 m) vary. The larger purpose of the new sites was to further examine how components of ecosystem C cycling vary with one another and the environment, but the purpose of this study is to discuss in detail the LRE and SRE techniques.
The SREs were 30-cm-long polyvinyl collars installed into the soil for their entire length. With this collar installation depth, a large proportion of roots should have been severed (Ruess et al. 2003) . Installation required that the forest floor first be cut with a custom-built, steel soil corer (15.2 cm in diameter and 35 cm deep) that had the same diameter as the respiration collars. The SREs were pushed into the cut area. The organic matter in the center of the SRE was then gently pulled upward to counteract any compression caused by inserting the SRE. Six SREs were installed at the five new sites, and the installation time for each SRE was approximately 15 min.
Soil respiration
We used a continuous-flow closed soil respiration system, which was vented for pressure equilibration. The methods are described in detail in Vogel et al. (2005) . Briefly, a chamber was clasped to a permanently placed, control respiration collar or SRE. Six control collars were inserted approximately 3 cm into the organic layer. Air was circulated (1 L·min -1 ) between a LICOR 6262 infrared gas analyzer and the chamber with a Brailsford pump (model TD-4N-A). A Hewlett Packard hand-held computer logged the measured CO 2 concentrations at 3-s intervals. The chamber was left on the collar for 2 min, but to calculate flux rate, only the CO 2 increase from 45 to 75 s was used in a regression between time and CO 2 concentration. Internal pressure and tempera-ture, and the ∆CO 2 ·s -1 were used in the ideal gas law to calculate flux. Each collar's volume was estimated by injecting into the chamber headspace 5 mL of 100% CO 2 .
Soil respiration measurements were begun in June of 2000 on the LREs, approximately 10 months after the barriers were in place. As a diagnostic for soil respiration collar placement, in mid-June 2000, we measured the CO 2 concentration at 10 cm depth and at 10-cm intervals from two trench walls of each trench. Soil air (30 mL) was drawn with a 10-cm syringe inserted into the organic layer. The air was analyzed with the LI-COR 6262 IRGA system (LI-COR, Inc., Lincoln, Nebraska). Based on the data from this diagnostic, two respiration collars were placed at least 0.4 m from the trench barriers inside each trench, and two collars were randomly placed 3-5 m away as controls. For the SREs placed in 2002, soil respiration measurements began within 1 week of installation. On August 20th, 2002, two SRE collars were placed inside each LRE (six in total) at the low-sp site to test whether the SRE approach resulted in any unique artifacts. Root respiration was estimated by subtracting the microbial respiration inside root exclusions from the root plus microbial respiration in the control area.
Soil temperature and moisture
From 1999 to 2002, soil temperature was measured continuously in and outside an LRE at each of the three original sites with a HOBO (Onset Corporation, Bourne, Maine) temperature logger. Sensors were placed at 10 and 20 cm depth from the moss surface. During 2000 and 2001 at biweekly intervals, soil temperature was also measured with a handheld Digisense TM sensor using type T (Cole Palmer, Vernon Hills, Illinois) thermocouples affixed to a pole and inserted to depths of 30 (two probes), 40 (two probes), and 50 cm (two probes) from the moss surface. The soil-summed degreeday index was used for each growing season of n days:
when the daily (i) maximum temperature T > 0°C An index of relative soil moisture was estimated in 2000 for the control and LREs with a hand-held time domain reflectrometry (TRIME-TDR) system (Mesa Systems, Medfield, Maine). Measurements were made near each soil respiration collar (n = 6 sites). The transit time and dielectric constant of the TRIME probe depend on both the density and moisture content of the material. The probes were inserted vertically from the soil surface, through the organic layer and into the upper mineral soil during each soil respiration measurement. The probes were 25 cm long. Using this approach, we decided to not use a calibration curve, because the rods passed through an unknown amount of organic soil with each measurement. Rather, the direct TDR values, or dielectric constants, were used to estimate soil moisture differences between treatments and control.
Snow depths were measured in each root exclusion area and near the control respiration collars immediately before snowmelt in both 2000 and 2001. In both years, measurements occurred during the second week of April and were only conducted at the three sites with LREs. After the depth measurement, the snow was shoveled out of the LREs. We did this because moisture from snowmelt generally runs over the frozen ground in spring. Without shoveling, water would accumulate unnaturally inside the root exclusions. Still, in some plots snowmelt moisture pooled on the downslope side of the root exclusion. We suctioned this water out of the LREs with a portable generator and vacuum pump. The 10-cm temperature inside the LREs remained cooler than the control even with the lack of snow cover, likely because of the greater moisture content in the organic matter.
Statistics
Statistical analysis was performed using Statistical Analysis Software version 8.0 (SAS Institute Inc. 1999). A mixed effects model was used in all comparisons. The root exclusion treatment was a fixed effect in comparisons of soil temperature and snow depth. Individual site-summed degreedays were not compared because there was only one sensor for the 10-and 20-cm depths for each of the three sites. For soil moisture, trends over the growing season were examined with a repeated measures design. Site was tested as a fixed effect. Interactions between root exclusions, site, and time were examined. For detecting changes in CO 2 concentration with distance from the trench wall, trenching method (mechanical vs. hand dug) was nested within distance. Both transects within a root exclusion were treated as an experimental unit. Unless otherwise noted, the level of significance was considered α = 0.05.
Results
Diagnostic environmental measurements in large root exclusions
Temperature, moisture, and snow depth in the large root exclusions (LREs) differed significantly from the control areas. Temperature measured at 30, 40, and 50 cm depth was consistently greater for the three original sites, with the mean difference for all sites being significant for these depths (Fig. 1) . Soil temperature at 10 cm depth was cooler inside trenched plots. At 20 cm, there was no significant difference between trenched plots and control, but two sites had a warmer and one site had a cooler soil. Root exclusions were a signif- icant main effect on soil moisture, as indexed with the dielectric constant. Both treatment and control followed a similar temporal trend (Fig. 2) . Snow depth averaged across the sites was deeper inside the LREs than outside (21 and 15 cm difference, in 2000 and 2001, respectively) (data not shown).
CO 2 concentration was measured 10 cm below the moss surface in 2000 to test whether the placement of soil collars in LREs could be affected by the distance to the trench wall. The interaction between the method for trenching and distance was significant (p < 0.01); however, where trenches were dug by hand, there was no obvious effect of the trench wall on CO 2 concentration (Fig. 3) .
Small root exclusions versus large root exclusions
Within 3 weeks of installation in 2002, nearly all of the five new sites were providing root respiration (Ra) values that were not significantly different from the LREs (n = 3) during the first year after installation (Fig. 4) . A number of sites nearly immediately provided Ra values similar to the large root exclusions, while in some, Ra began lower and increased over the growing season. However, in late August, Ra began to decrease, coincident with the decrease in day length and plant growth. In another experiment, we tested whether SREs had a unique flux associated with them relative to LREs. We placed an SRE inside an LRE and in the control area, and also measured the regular LRE collars and control collars. Only the control respiration differed significantly from the other three treatments (Fig. 5) .
Discussion
One purpose of this paper is to report the environmental artifacts associated with root exclusions when used in a boreal forest. In other ecosystems, researchers have reported that soil moisture (Fisher and Gosz 1986; Haynes and Gower 1995) and nutrient availability (Hart and Sollins 1998) artifacts occur inside root exclusions. In boreal systems, temperature artifacts could be a unique difficulty because the extremely cold temperatures at depth are partly a reflection of the organic matter's insulating properties. With the increased soil moisture that is inherent to root exclusions, the organic matter's thermal conductivity increases. This then allows heat to penetrate deeper into the soil profile. We believe this explains the warmer deep temperatures, but cooler 10-cm temperatures, in the root exclusions (Fig. 1) . Although the lack of replication at 10 and 20 cm could be a source of bias, it appeared the two permafrost sites experienced less deep warming than the one non-permafrost site (high-np). This effect Fig. 3 . Concentration of CO 2 (ppm) measured in 2000 at 10 cm depth and at 10-cm intervals from the side of the large root exclusion (LRE), or trench wall. Distance from the trench wall affected soil CO 2 concentrations only when the trench had been dug using a mechanical trencher (mech) (n = 4) versus by hand (n = 14, hand). may have been exaggerated because a temperature probe at high-np was placed in a particularly sunny area of the LRE, but it is also reasonable because the permafrost likely acted as a buffer against soil temperature change. Rather than attempting to control the moisture and temperature artifacts, Vogel et al. (2005) used a decomposition proxy (cellulose strips) in and outside LREs to correct the associated heterotrophic respiration. This approach was tenable because the cellulose decomposition correlated strongly with microbial respiration.
Another objective of this paper was to explore the possible use of very small root exclusions. Despite the long history and extensive use of the root exclusion technique (see Hanson et al. 2000) , as of yet no published article has specifically examined how root exclusion size might be reduced to an optimal minimum. This is surprising because small root exclusions (SREs) can reduce material costs and installation time, thus allowing for increased replication. Also, they could conceivably be easier to environmentally control, for example, through the use of covers to reduce rain or snow inputs. Kelting et al. (1998) used small root exclusion collars in a newly planted forest; otherwise, in most studies root exclusions generally are at least 1 m × 1 m (Melillo et al. 2002; O'Connell et al. 2003) . Large root exclusions are likely necessary when a mechanical trencher is used because the distance to the trench wall will covary with CO 2 concentration. In our study this may have occurred because the trencher spread mineral soil on the moss surface, or because vibrating the organic layer during trenching increased soil bulk density. The mechanical trencher did significantly decrease installation time, but simply cutting the organic layer with a spade and removing the soil eliminated the artifact caused by distance to the root exclusion wall. This result suggests small root exclusions work best if care is taken to not disturb the organic layer.
The final objective of this paper was to determine when the small root exclusions provide Ra estimates that agreed with other studies in Alaska and the LRE method. A common method is for researches to wait approximately 1 year to allow cut roots to decompose before making respiration measurements (O'Connell et al. 2003; Bond-Lamberty et al.
2004
; Vogel et al. 2005) . However, based on a tree girdling study in Swedish boreal forests (Högberg et al. 2001) , we suspected Ra could reach a value consistent with the longer installed LREs within 2 weeks after SRE installation. In fact in our study, many of the sites provided Ra estimates within 1 week that resembled both the LREs and other studies in boreal Alaska that employed different techniques (Vogel et al. 2005; Ruess et al. 2003) . At most, 22 d were required for one set of SREs to resemble the LRE values measured in 2000. Our estimates did differ from the Ra values derived for mature black spruce in Manitoba by Bond-Lamberty et al. (2004) . They found Ra was only 13%-22% of total soil respiration. It is likely that the differences between their and our study, and the variation among sites in this study, reflect spruce C allocation patterns (Vogel et al. 2005) . Overall, the "quick" soil respiration response to root severing supports the idea that a significant fraction of root respiration comes from recent photosynthate (Högberg et al. 2001) .
In future studies, root exclusion size and measurement timing should be adjusted to control for environmental artifacts associated with the root exclusion technique. A significant improvement appears to be the use of SREs within the growing season of installation, thereby eliminating the accumulation of spring runoff (for boreal or temperate ecosystems) inside the exclusions. If used within a growing season, SREs should be installed before fine root production peaks (Ruess et al. 2003) . SREs installed during or after this period of maximum root growth will have an exacerbated effect of elevated microbial respiration because of the decomposition of severed fine roots. To account for the effects of environmental artifacts on decomposition, a decomposition proxy (e.g., cellulose filters) inside the treatment and control area has proven effective in the LREs (Vogel et al. 2005) ; but care should be taken to not overly disturb or compress the organic layer during the installation of the proxy. Organic matter compression was the main reason we did not use the decomposition proxy or measure temperature and moisture inside the SREs, but in retrospect, if probes entered the SREs from the side of the collar, organic matter disturbance could be minimal. We believe many of the artifacts we observed in LREs were a function of winter and spring moisture dynamics, therefore the best application of the root exclusion technique may be to immediately begin to measure microbial respiration after root exclusion insertion, and then to avoid leaving the root exclusion in the ground for overwinter periods. 
